We compare side chain prediction and packing of core and non-core regions of soluble proteins, protein-protein interfaces, and transmembrane proteins. We first identified or created comparable databases of high-resolution crystal structures of these 3 protein classes. We show that the solvent-inaccessible cores of the 3 classes of proteins are equally densely packed. As a result, the side chains of core residues at protein-protein interfaces and in the membrane-exposed regions of transmembrane proteins can be predicted by the hard-sphere plus stereochemical constraint model with the same high prediction accuracies (>90%) as core residues in soluble proteins. We also find that for all 3 classes of proteins, as one moves away from the solvent-inaccessible core, the packing fraction decreases as the solvent accessibility increases. However, the side chain predictability remains high (80% within 30 ) up to a relative solvent accessibility, rSASAՇ0:3, for all 3 protein classes. Our results show that 40% of the interface regions in protein complexes are "core", that is, densely packed with side chain conformations that can be accurately predicted using the hardsphere model. We propose packing fraction as a metric that can be used to distinguish real protein-protein interactions from designed, non-binding, decoys. Our results also show that cores of membrane proteins are the same as cores of soluble proteins. Thus, the computational methods we are developing for the analysis of the effect of hydrophobic core mutations in soluble proteins will be equally applicable to analyses of mutations in membrane proteins.
rudimentary understanding of their structure and thermodynamic stability. [19] [20] [21] For example, we do not know whether membrane proteins are fundamentally different from soluble proteins. Specifically, are membrane proteins less, more, or equally well-packed as soluble proteins? One conjecture is that to achieve thermodynamic stability, membrane proteins must be more densely packed than soluble proteins, because the hydrophobic effect does not contribute to their stability. 22 Conversely, others have argued that because many membrane proteins transduce signals across the membrane, they must be more flexible and loosely packed compared to soluble proteins. [23] [24] [25] Clearly, to understand their structure, much less to design new membrane proteins, we must answer this question.
We believe that an improved fundamental understanding of protein structure will aid in the development of predictive computational tools for protein design. A defining feature of our strategy is that we start with simple models and test their ability to predict features of protein structure that are seen in high resolution crystal structures. Such predictability is the key metric of success in protein design. In prior work, we investigated the range and limits of the predictability of protein side-chain conformations for uncharged amino acids, using a simple repulsive-only hard-sphere plus stereochemical constraint model. [26] [27] [28] [29] [30] [31] [32] [33] We showed that the hard-sphere model, when applied to a dipeptide mimetic (Figure 1 ), is able to predict the side-chain dihedral angle distributions observed in natural proteins for most of the uncharged residues (for example, Ile, Leu, Val, Thr, Tyr, Trp, Phe, and Cys). 29 When we consider both intra-and inter-residue atomic interactions, the hard-sphere model is able to predict the specific side-chain conformation of each of these amino acids in protein cores. 30 We have
shown that Met requires additional attractive interactions for the hardsphere model predictions to match the observed side-chain dihedral angle distributions, 32 and that only about 50% of Ser residues can be predicted using the hard-sphere model alone. 30, 33 ( We presume that the absence of hydrogen-bonding interactions explains the limited prediction accuracy of Ser using the hard-sphere model.)
We have also found that protein cores are as densely packed as jammed packings of residue-shaped particles with explicit hydrogens, which possess a packing fraction /0:55. 34, 35 With these data as background, we now seek to investigate to what extent the hard-sphere modeling approach can be applied to contexts other than the cores of soluble proteins-namely non-core residues, protein-protein interfaces, and membrane-embedded regions of transmembrane proteins.
The high accuracy of the hard-sphere model in predicting sidechain conformations in protein cores stems from the fact that protein cores are densely random-packed 34 and thus each buried side-chain can only exist in a single conformation without having atomic overlaps. 33 We therefore first investigated how the packing fraction varies with solvent accessibility (i.e., relative solvent accessible surface area, rSASA), and performed the same calculations on soluble proteins, protein-protein interfaces (Figure 2 ), and the membrane-embedded regions of transmembrane proteins ( Figure 3 ).
We find that for all 3 types of proteins, rSASA is inversely related to the packing fraction. Importantly, the relationship between packing fraction and rSASA is similar for soluble proteins, protein-protein interfaces, and the membrane-embedded regions of transmembrane proteins. Therefore, we use rSASA as a surrogate for packing fraction. We then calculate the fraction of residues for which the hard-sphere model is able to predict the side-chain dihedral angles within 308 of the crystal structure values as a function of rSASA. We find that for soluble proteins, protein-protein interfaces, and membrane proteins, the accuracy of the side-chain predictions decreases as solvent accessibility as a sphere that interacts pairwise with all other non-bonded atoms j via the purely repulsive Lennard-Jones potential:
Hðr ij 2r ij Þ;
where r ij is the center-to-center separation between atoms i and j, r ij 5 for angles involving C sp3 and C sp2 atoms, respectively. Additional dihedral angle degrees of freedom involving hydrogen atoms are chosen to minimize steric clashes. 42 We performed single residue repacking using the hard-sphere To assess the accuracy of the hard-sphere model in predicting the side-chain dihedral angles of residues, we calculated the deviation,
for each set of replicas a for each residue i. We then look at the first We have shown that steric interactions between the side-chain of a residue and the rest of the protein are necessary to accurately predict the side-chain dihedral angles of amino acid residues. 30 However, to obtain a lower bound on the prediction accuracy of the hard-sphere model, we also predicted the side-chain conformations for each amino acid without the rest of the protein, that is, each residue modeled as a dipeptide mimetic (Figure 1 ).
| Packing fraction, surface identification, and relative solvent accessible surface area
The packing fraction of each residue in a protein can be calculated using,
where V i is the "non-overlapping" volume of atom i, V v i is the volume of the Voronoi polyhedron surrounding atom i, and the summations are over all atoms of a particular residue. Voronoi cells were obtained for each atom using Laguerre tessellation, where the placement of each Voronoi face is based on the relative radii of neighboring atoms (which is the same as the location of the plane that separates overlapping atoms). 45 V i was calculated by splitting overlapping atoms by the plane of intersection between the 2 atoms. To study the packing fraction of solvent-exposed atoms, an outer boundary is placed around the protein to terminate some of the Voronoi polyhedra. However, when calculating the packing fraction as a function of rSASA, we only include residues for which the the volumes of the Voronoi polyhedra are independent of the size and placement of the outer boundary.
To investigate the relationship between packing fraction, sidechain prediction accuracy, and solvent accessibility, we compute the relative solvent accessible surface area,
where SASA Res is the total solvent accessible surface area of the residue 
| Identification of protein interfaces and transmembrane regions
For the PPI dataset, protein-protein interface residues are identified as those with DSASA Res is the SASA of the residue in the monomer created by removing the other chain from the crystal structure, and SASA com Res is the SASA of the residue in the complex. In Figure 4 , we show the distribution of the number of interface residues in each complex and DSASA Res for each complex.
For the TM dataset, many entries contain non-membrane regions.
(See Figure 3. ) To ensure that our analyses focus on the membraneembedded region of transmembrane proteins, residues from the soluble protein domains were not considered. Specifically, only residues with 1 or more atoms predicted to be inside the lipid bilayer were included in this study. The position of the membrane was identified using the Positioning of Proteins in Membranes (PPM) server. 52 The PPM server estimates the location of the lipid bilayer using an approach based on optimizing the free energy of the protein transfer from water to the membrane environment. The residues in the transmembrane region of the protein were then analyzed using the same methods as those for protein-protein interfaces and soluble proteins, where high rSASA values indicate residues that would be exposed to the lipid bilayer.
| RE S U L TS
In our studies, we use 3 high-resolution, non-redundant structural datasets. The details of each dataset are specified in Section 2.1. Briefly, Dun1.0 is a dataset of soluble proteins; PPI is a dataset of dimeric protein-protein complexes; and TM is a dataset of transmembrane proteins. For our analyses of the TM dataset, we remove any detergent or lipid molecules and any portion of the protein that is not in the membrane. For protein-protein interfaces, we identify interface residues as those with a change in SASA between the monomer and complex of >0.1 Å 2 and only include these residues in our analyses. When we discuss the PPI and TM datasets, we are only referring to the residues at the interface or in the membrane.
We began by determining the amino acid composition of the PPI and TM databases and then compared the amino acid compositions with that of soluble proteins (Dun1.0). We identify the core residues in each dataset (i.e., those with rSASA<10 23 ) and calculate the fraction of core residues that are a given amino acid type. In Figure 5A , we show that the cores of protein-protein interfaces and of membrane proteins have similar amino acid compositions to that of the cores of soluble proteins. Some differences are seen in the composition of TM proteins, which have a higher frequency of Ala and Gly in their cores, which is consistent with the Gly-xxx-Gly motif found in transmembrane helix-helix association. [53] [54] [55] [56] [57] [58] [59] Other papers studying transmembrane proteins have also reported a higher frequency of Ala and Gly. 36, 60 In Figure 5B , we investigate the non-core regions of the proteins (i.e., those residues with rSASA>0:5) for all 3 datasets. For TM proteins, where only residues in the membrane are included, residues with high rSASA are membrane-exposed residues, not solventexposed. For the PPI dataset, non-core residues are residues at the interface with high rSASA values in the protein complex. We find that proteins in the Dun1.0 and PPI datasets have a similar distribution of non-core residues, with a large fraction of polar and charged residues, while the TM dataset has more hydrophobic residues and a small number of charged residues. This result is further illustrated in Figure 5C , where we show the fraction of uncharged residues (Ala, Gly, Ile, Leu, Met, Phe, Ser, Thr, Trp, Tyr, and Val) in the core and for rSASA>0:5 in each dataset. The cores of all 3 datasets are composed almost entirely of these 11 uncharged residues, while the non-core regions of proteins in the Dun1.0 and PPI datasets only contain 40% of these residues. In contrast, the non-core regions of TM proteins are highly non-polar, containing 75% of the 11 uncharged residues, because they are exposed to the membrane, not the aqueous environment.
In earlier studies, other groups have reported similar analyses of amino acid compositions, for different datasets of protein-protein interfaces and membrane proteins 36, [60] [61] [62] [63] [64] [65] [66] We are not reporting any substantial differences from those data. Rather, we performed this tabulation to have these data for the exact datasets that we are studying. Note that our dataset of membrane proteins includes only the transmembrane section, not the whole protein, and our dataset of protein-protein interfaces only considers the interface residues.
In prior work, we demonstrated that one can repack the sidechains of residues in protein cores using only hard-sphere repulsive interactions in the context of a calibrated atomistic model. 30, 33 In this study, we investigate whether the same approach can predict the con- 60.02, and 0.55 60.01, respectively. In prior studies, we showed that this packing fraction matches the value for random close packing of elongated, bumpy particles that match the aspect ratio and surface roughness of core amino acids. 35 There have been many studies of the structure of protein-protein interfaces. 61, 62, 64, 65, [67] [68] [69] [70] [71] [72] A key observation is that the packing fraction in the core region of protein-protein interfaces is the same as that in the hydrophobic core of soluble proteins, which is in agreement with our observations. 61, 64, 67 However, there is currently no consensus regarding the packing of core residues in transmembrane proteins.
Some groups claim tighter packing in transmembrane proteins than in soluble proteins. 22 In contrast, other groups, using different approaches, report that transmembrane proteins pack less efficiently than the cores of soluble proteins. 23, 24 Note that some groups studying transmembrane proteins do not limit their studies to residues in the transmembrane region, which makes it difficult to make specific conclusions about transmembrane residues.
The cores of soluble proteins, the cores of protein-protein interfaces, and the cores of transmembrane proteins all have high packing fraction and near-zero solvent accessibility. To study the dependence of the prediction accuracy on packing fraction, we first determined the relationship between packing fraction and solvent accessibility. As anticipated, the packing fraction is inversely proportional to solvent accessibility, because the empty space surrounding residues in the proteins is included in the Voronoi polyhedra for non-core residues, as shown in Figure 6B . This relationship allows us to use solvent accessibility as a surrogate for packing fraction. Solvent accessibility is preferable because it is relatively straightforward and rapid to calculate, and more importantly, the packing fraction is not well defined for non-core residues because the sizes of the Voronoi polyhedra are not restricted by the surrounding atoms.
We next investigate how our ability to predict side-chain conformations depends on solvent accessibility for residues in the Dun1.0, PPI, and TM databases. We performed single residue repacking in the protein environment using the hard-sphere plus stereochemical constraint model for all core and solvent-exposed uncharged residues in the datasets. As a "lower limit" of the prediction accuracy, we used the hard-sphere dipeptide model to predict side-chain conformations in the absence of neighboring residues. The lower limit represents the minimum prediction accuracy expected for that residue if it had rSASA 5 1, allowing us to determine how much the surrounding residues contribute to the repacking prediction accuracy.
In Figure 7A , we show the relationship between the prediction accuracy and rSASA for a representative amino acid, Ile. We find that for Ile residues with zero solvent accessibility (rSASA <10 23 ) we are able to predict >95% of side-chain conformations within 30 of the crystal structure values. As the solvent accessibility increases, the packing fraction decreases and therefore our ability to predict the conformation of the amino acid side-chain decreases toward the dipeptide value. In Figure 7B , we compare the prediction accuracy for core and non-core (0.2 rSASA < 0.3) uncharged residues in Dun1.0. For all residues, we find a decrease in the prediction accuracy as rSASA increases, except for Ser, which we have mentioned previously. 32 The prediction accuracy versus rSASA plots for each amino acid type are shown in the Supporting Information.
We performed the same calculations for residues in the PPI and 
| D ISC USSION AN D CON CL USION S
We have shown that the packing fraction of the cores of soluble proteins and of the cores of protein-protein interfaces and membrane proteins are the same. We have also studied the relationship between the packing fraction and the prediction accuracy of side-chain dihedral angles using the hard-sphere model. The side-chain dihedral angle prediction accuracy decreases with decreasing packing fraction (and increasing solvent accessibility). In Figure 9 , we show the distribution of the fraction of each interface in the PPI dataset that is made up of solvent inaccessible residues with rSASA<0:1. We find that approximately 40% of the surface area of protein-protein interfaces are solvent inaccessible and possess high packing fraction (/>0:54). Thus, we are able to predict with an accuracy of 90% the conformations of 40% of the total number of residues at protein-protein interfaces. This result holds for protein-protein interfaces ranging in total area up to 6000 A 8 2 .
We also showed that the cores of the transmembrane regions of membrane proteins are as well-packed as the cores of soluble proteins, and thus the hard-sphere model can predict the side-chain conformations of these core residues with high accuracy. With these results, we can begin to better understand the molecular details of packing in the cores of membrane proteins, and at the interfaces between interacting, membrane embedded regions of membrane proteins. [78] [79] [80] [81] [82] [83] In addition to enhancing our fundamental understanding, such knowledge is of significant practical biomedical importance. For example, the oncogenic transformation mediated by the E5 protein of papilloma virus is believed to occur by the interaction of the transmembrane helix of the E5 oncoprotein with the transmembrane region of the Platelet-Derived Growth Factor Receptor (PDGFR). 78, 84 It has also been demonstrated that certain simple Leu and Ile peptides are also able to activate PDGFR with the resulting oncogenic transformation. The results we present specify the expectations for packing at such helix-helix interfaces. Further analyses may thus enable us to distinguish why some of the Leu/ Ile peptides activate PDGFR, whereas others, which may differ by a single residue, do not.
It has been suggested that regions in the protein core with low packing fraction may give rise to large internal motions that are related to a protein's biological function. [23] [24] [25] 85, 86 . In future studies, we will correlate core residues with low packing fraction to mobile regions in the protein interior. To do this, we will (1) calculate the vibrational modes for the hard-sphere plus stereochemical constraint model and (2) investigate the residue root-mean-square displacement for proteins where multiple crystal structures are available. We will also calculate the entropy of side-chain conformations using the Gibbs entropy. Our current studies considered fixed backbone / and w dihedral angles. In future studies, we will investigate whether backbone fluctuations strongly affect the side-chain entropy. 
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